Introduction
The stratum corneum (SC) is a protective barrier that is host to a diverse population of microorganisms that naturally populate the human skin surface [1] . Most microorganisms within this microbiome are harmless, however, some are opportunistic pathogens [2, 3] . An increase in population of one such species, Staphylococcus aureus [2] , has been linked to numerous skin diseases including atopic dermatitis (AD), cellulitis and impetigo [4, 5] . It is also the most common cause of surgical site infections [6] , which occur in 5% of all surgical operations [7] . Disparate studies have also revealed AD is associated with a depletion of SC lipids, most notably ceramides [8] [9] [10] [11] . Ceramides are the most populous family of lipids present in and on the surface of the SC [12] . They comprise one of four different sphingoid bases and a fatty acid [13] . The most common sphingoid base is sphingosine [14, 15] . Sphingosine has been shown to exhibit antimicrobial properties through its ability to disrupt the membrane of Gram-positive bacteria, such as S. aureus. While the exact mechanism of action is not fully understood, it is currently thought to be due to sphingoid-base insertion into the bacterial membrane, rendering the membrane non-functional or inhibiting certain key enzymes upon insertion [12, 16] . Yet with this antimicrobial understanding revealed, little is still understood about how SC lipids might influence bacterial growth on the skin surface.
Previous studies examining skin lipid composition and microbiome diversity use swabs or solvent extraction methods to collect specimens for analysis [17] [18] [19] . Consequently, these studies are unable to capture spatially resolved bacterial and lipid distributions. Human SC is structurally heterogeneous, exhibiting a rich topography over many length scales [20] . Its most visible feature is the patterned network of open channel grooves that surround triangular corneocyte cell clusters. Lipids, in and on the SC, appear to be heterogeneously distributed due to these microchannels, with increased concentrations inside the grooves [20] . We anticipate this will impact the spatially resolved growth of bacterial biofilms. In this article, we take a first step towards understanding the interplay between lipid distributions and the dynamic growth of S. aureus on human SC tissue.
Results and discussion

Human stratum corneum exhibits topography
Brightfield microscopy of isolated human SC, shown in figure 1a, reveals the tissue is rich in topography, exhibiting a triangular network of microchannels. This topography is confirmed by confocal imaging SC samples stained with BODIPY Fl C 12 -Sphingomyelin, a probe known to bind primarily to ceramides [21, 22] . Fluorescent images in figure 1b,c show that the edges of the triangular cell clusters [23] appear to exhibit a more intense fluorescent response. These edges correspond with topographical canyons (figure 1d), which extend approximately 50-75% into the total SC thickness [24] .
Human stratum corneum ceramide distributions are heterogeneous
Since free sphingoid bases are known antimicrobial agents in skin barrier function [16] , and the result of ceramide metabolism [8] , we hypothesize that localized regions of high ceramide concentrations, the most common class of SC lipid [13] , will inhibit bacterial biofilm growth through metabolic breakdown into free sphingoid bases such as sphingosine [16] . This is evaluated by quantifying the spatially resolved growth of S. aureus bacteria on human SC exhibiting contrasting lipid concentrations and distributions. Lipid concentrations and distributions are first quantified under two conditions: control samples retaining high lipid concentrations and samples partially depleted of surface and intercellular lipids (including cholesterol, ceramides and free fatty acids) using a solvent extraction process [18, [25] [26] [27] . Figure 2a and b, respectively, shows fluorescent images of ceramide stained control and delipidated samples from the same skin specimen. shows that delipidation results in a 45% decrease in the average normalized fluorescent intensity (NFI), I, relative to controls. This decrease suggests that delipidation causes a comparable decrease in ceramides to the average decrease (35%) observed in lesional skin of AD patients [11] . To highlight spatially resolved variations in ceramide fluorescence between the two SC conditions, we distinguish between two distinct areas of the SC: topographically rich canyon regions in proximity to microchannels, and more planar regions that the microchannels surround, which we denote cluster regions.
Relative fluorescent intensities within each of these regions are quantified by subdividing triangular base units of the SC [23] into two areas: an outer triangular annulus encompassing the topographical canyons, A CA and an inner triangular cluster region encompassing the corneocytes that the microchannels surround, A CL . A schematic of these regions is provided in figure 3 . For each triangular subunit, the defined areas of the two regions are matched to within 5% in order to minimize sampling bias. Background subtracted fluorescent surface densities within the canyon and cluster regions are then, respectively, established by quantifying the expressions, I CA ¼ P I CA =A CA and I CL ¼ P I CL =A CL , where P I denotes the sum of the fluorescent intensity of pixels within the area. Figure 4a and b, respectively, shows the normalized fluorescent surface densities in the canyon,Î CA ¼ I CA =ð I CL þ I CA Þ and cluster regionsÎ CL ¼ I CL =ð I CL þ I CA Þ of triangular base units extracted from control and delipidated SC. The control SC condition shows increased fluorescence in the canyon regions relative to the inner cluster regions (figure 4a), indicative of increased localized ceramide concentrations. However, delipidated SC shows a more homogeneous spatial distribution (figure 4b). The average difference between the normalized fluorescent surface densities in the two regions, I CA ÀÎ CL , shown in figure 4c, confirms the delipidation process results in a more homogeneous distribution of the remaining ceramides.
Changes in ceramide distributions correlate with altered biofilm growth patterns
The impact of ceramide distributions on the spatio-temporal growth of S. aureus expressing green fluorescent protein (GFP) is assessed. Daily biofilm growth is recorded on both delipidated and control SC samples embedded in a silicone elastomer substrate. Embedding leaves only the superficial SC face exposed, preventing bacteria from growing on the tissue underside. Figure 5a compares the mean fractional surface area of control and lipid-depleted SC samples covered by bacteria over a 7-day period. Measurements are taken every 24 h over a 7-day period, beginning after samples are inoculated with S. aureus (10 8 colony forming units (CFU) ml
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) for 2 h under static flow conditions to promote bacterial adhesion. In contrast to days 1-7, a greater bacterial coverage on both SC types occurs 2 h post-inoculation (denoted day 0). This is due to settlement of bacteria on the SC surface. Subsequent coverage then decreases due to media flow (8 ml h
, 5% brain-heart infusion medium (BHI) with 250 ng ml 21 tetracycline), washing away unbound bacteria, an observation consistent with previous findings of biofilm formation [28] . Relative to controls, delipidated SC primarily exhibits increased bacterial coverage after day 2, indicating S. aureus favours a lipid-depleted environment over extended periods of time. Prior to this, control SC exhibit greater bacterial coverage. In addition to changes in population, figure 5b-g highlights striking differences in spatially resolved bacterial settlement and growth between the two SC lipid conditions. Figure 5b and c, respectively, shows that after a 2 h settlement period, S. aureus on control SC nearly exclusively avoid topographical canyons, while settlement occurs predominantly within the microchannels of delipidated SC. After 3 days, microcolonies remain small and not readily visible on either tissue type (figure 5d,e). After 7 days growth, bacterial colonization on control SC (figure 5f ) exhibits no identifiable spatial preference for growth. By contrast, biofilm growth on delipidated SC occurs notably within the microchannels (figure 5g). The delipidation process removes locally high concentrations of ceramides, which contain an antimicrobial sphingosine base [12, 16] , from within the microchannels ( figure 4a,b) . This depletion appears to enable bacteria to invade (figure 5c) and grow (figure 5g) within these topographical features. The heightened bacterial growth in the microchannels also appears consistent with studies that report non-motile bacteria preferentially grow within topographical recesses [29] . Figure 6 further elucidates how changes in SC lipid concentrations influence localized biofilm colonization after 7 days of growth. The spatially resolved preference for bacterial growth inside or outside the canyons is characterized by employing the previously described process of subdividing triangular geometric units of SC. We account for three-dimensional biofilm growth by capturing confocal images of bacterial fluorescence and summing confocal image stacks over a z-height of 64 mm, ranging between the base of the topographical canyons and approximately 40 mm above the SC surface. This ensures all bacterial fluorescence is captured. The schematic in figure 6 outlines the range captured. Figure 6a highlights that while bacteria grow all over control SC, the inner cluster regions primarily exhibit increased bacterial fluorescence surface densities,Î CL , relative to the surrounding canyons,Î CA . By contrast, figure 6b shows that delipidated SC exhibits greater fluorescent surface densities within the canyons. The averaged difference in the relative fluorescent surface density between the two areas,Î CA ÀÎ CL , for each SC condition is shown in figure 6c . A statistically significant preference towards bacterial growth in canyons occurs when SC is delipidated.
A preference for bacterial growth inside of the canyons regions of lipid-depleted SC (figures 5 and 6) does not explicitly distinguish between growth inside the microchannels, or merely in proximity to the canyon edges. To discern this difference, NFI profiles perpendicular to the long axis of rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170848 microchannels are captured over time using confocal microscopy for the control and delipidated SC conditions. Representative NFI profiles for control and delipidated SC are, respectively, shown in figure 7a and b. The intensity profile for each day is normalized by the peak recorded intensity over the entire 7-day period. After 2 h of bacterial settlement (denoted day 0), control SC fluoresces at all locations along the profile, exhibits a peak outside of the canyon edge, and a rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170848 minimum within the canyon (figure 7a). After day 6, biofilms are present at the canyon edge, but do not notably invade the canyon. Bacterial fluorescence is also present at all locations across the cross-sectional profile of a delipidated SC microchannel 2 h after inoculation (figure 7b), however, a clear peak is visible within the canyon. This peak persists throughout the 7 days, indicating bacterial populations do not diminish. After 7 days of growth, biofilms remain primarily within the microchannel, but are not laterally confined by the canyon edges. Figure 7c compares the average NFI profiles across multiple canyons in control SC (red, n ¼ 358 individual cross sections from n ¼ 4 SC samples) and delipidated SC (blue, n ¼ 408 individual cross sections from n ¼ 4 SC samples) after 7 days of bacterial growth. Prior to averaging, each profile is normalized by its peak fluorescent intensity. The control SC profile remains non-zero and near constant across the canyon, indicating no spatial preference for growth. By contrast, the delipidated SC profile shows a distinct peak midway across the canyon, indicating a clear spatial preference for biofilm growth directly at the base of the microchannel.
Sphingosine coating of an analogue skin canyon model impedes bacterial biofilm growth
While the delipidation protocol we employ removes ceramides, cholesterol and free fatty acids from the SC [25] , we anticipate the depletion of localized high concentrations of antibacterial ceramides from within the canyons enables greater localized S. aureus biofilm growth. To test this, the antibacterial effect of coating an analogue SC canyon (width 820 + 29 mm, height 424 + 24 mm) with the ceramide subcomponent sphingosine is quantified. The antibacterial properties of the synthetic D-sphingosine used for the study are first assessed in vitro. The minimum inhibitory concentration is greater than 50 mg l
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, while the minimum bactericidal concentration is 500 mg l
. Figure 8 shows that exposure of exponential phase planktonic S. aureus to D-sphingosine results in a 7-log reduction in cell viability at low concentrations of 45 and 80 mg l
, and eradication after a 4 h exposure to a 500 mg l 21 concentration.
The canyon region of the analogue substrates are coated with a thin solid film of either dimethyl sulfoxide (DMSO) alone, or D-sphingosine dissolved in DMSO (SPH, 500 mg l
). Analysis of channel cross-sectional profiles reveals no notable differences in shape or channel roughness between the two types of coating, based on measurements of average (Ra) and root mean square roughness (Rq) [30] rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170848 for each coating) over an 8-day period, beginning after a 2 h inoculation period. As previously detailed, we account for three-dimensional biofilm growth by summing confocal image stacks over a z-height of 500 mm (2 mm intervals), ranging between the base of the canyon and substrate surface. For each canyon and time point analysed, A CA , corresponds to the product of the canyon width and a fixed length of 1550 mm along the long axis of each canyon. Over the first 122 h, canyons coated only with DMSO show a monotonic increase in fluorescent density, while canyons coated with DMSO and sphingosine exhibit near constant values. Canyons coated only with DMSO exhibit bacterial growth strikingly similar to those observed for the delipidated SC (figures 5 and 6). By contrast, canyons coated with films containing sphingosine exhibit bacterial growth consistent with control SC. For this latter comparison, bacterial fluorescence is not completely eliminated in either the SC or analogue canyons, but the ability of bacteria to grow is inhibited. The inset images in figure 10 show representative transmitted light images of DMSO-and SPH-coated canyons overlaid with bacterial fluorescent emissions at a height midway between the surface and base of each canyon, after 122 h growth. These figures confirm clear differences in bacterial growth, with reduced bacterial presence in the SPG coated canyons. A significant reduction in fluorescence is observed at 146 h post-inoculation for both film coatings. We anticipate this is due to dispersal typically seen with biofilms under flow conditions [31] .
In this article, we highlight that human SC ceramides [32, 33] are heterogeneously distributed, with increased concentrations found within topographical microchannels (figures 2 and 4). When SC is partially depleted of lipids [25] , these increased concentrations are lost (figure 4b). The ability of sphingosine in ceramides to impart antimicrobial properties to the skin surface [12, 16] suggests that localized ceramide depletion enables S. aureus to invade (figure 5c), and preferentially grow within the microchannels (figures 6 and 7), resulting in increased bacterial coverage (figure 5a). The avoidance of flow-induced shear forces that would act to debond bacteria is unlikely to be the cause of this preferential microchannel growth. Approximating the system as a simplified Poiseuille flow, a fluid volume flow rate of Q ¼ 8 ml h Adhesion bonds of S. aureus have been quantified to be approximately 1.2 nN [35] , seven orders of magnitude greater than the fluid induced wall forces. As such, flow-induced bacterial debonding is unlikely to occur anywhere on the skin surface. The cause of the preferential growth, therefore, remains unclear. However, non-motile bacteria, like S. aureus, have been shown to be capable of growing readily in microchannels [36] . Recent evidence has also shown that S. aureus grown on PDMS substrates with topographical features exhibit a preference for growth in recessed channels [29] . This behaviour is consistent with our observed findings for both DMSO analogue substrates and lipid-depleted SC. A potential cause of this preferential microchannel growth may be the increased cell-substrate contact area on the curved microchannel surfaces promoting stronger bacterial attachment [37, 38] . Our results may help explain the causal link between reduced skin ceramides and increased colonization of the skin surface with S. aureus bacteria in AD [8, 10, 39] . Still, the cause of the heterogeneous ceramide distributions remains unclear. We anticipate skin lipids are transported and deposited by spreading sebum. Previous studies have shown that SC microchannels enable surface transport of oils via capillary wicking [40] . Topically applied ceramides also accumulate within these microchannels [41] . Future studies should consider how the heterogeneous composition and topography of the skin barrier may alter the localized microbiome population diversity and co-localization. Our results also have implications for the onset of surgical site infections. Preparation procedures that do not fully remove S. aureus bacteria from within topographical microchannels may result in bacterial entrainment during incision, which could cause subsequent infections of the underlying tissue.
Limitations
The results of this work highlight that decreased concentrations of lipids alters the spatially resolved growth of S. aureus bacteria on human SC. The delipidation process partially depletes all lipid types from SC [18, [25] [26] [27] and appears (figure 2c) to reduce ceramides to levels similar to those found in lesional skin of patients with AD [11] . This is, however, based on an indirect method of ceramide quantification. The overall compositional changes may not be fully representative of AD conditions. Moreover, this work employs a standard biofilm growth methodology [42, 43] , which does not simulate physiologically relevant conditions; skin is not continually immersed in nutrients or water throughout the day. In vivo, bacteria will survive on skin using nutrients available, including lipids and keratin [44] .
This work compares changes in bacterial growth with ceramide concentrations and distributions. Changes in bacterial growth within analogue microchannels due to a coating of the ceramide subcomponent sphingosine supports our hypothesis that ceramides are the primary cause of changes in bacterial growth. However, the impact of other lipid types that may provide additional antimicrobial properties have not been examined here and should be analysed in future studies. Finally, the S. aureus ALC2085 strain [45] used for this study differs from the strains found on human skin with AD and has recently been shown to have reduced expression of several virulence genes [46] . However, this strain forms normal biofilms and has previously been used for testing antimicrobial efficacy against biofilms [47] [48] [49] . Therefore, the results of this work highlight a potential causal relationship between increased S. aureus populations and decreased ceramide levels with AD.
Material and methods
Stratum corneum isolation
Full-thickness skin specimens (31 years, female breast; 51 years, female breast) were received from Yale Pathology Tissue Services (New Haven, CT) within 24 h of elective surgery. An exempt approval (3002-13) was obtained to perform research using deidentified tissue samples pursuant to the Department of Health and Human Services regulations, 45 CFR 46.101 : b : 4. The SC was isolated using standard heat bath and trypsin techniques [50] . Once isolated, SC sheets were placed on plastic mesh, rinsed in deionized water (DIW) and dried at 238C for 48 h at 40% relative humidity (R.H.). After drying, the outermost face of the SC was marked with an indelible marker. Marked regions of the tissue were not used for lipid or bacterial quantification studies. All studies were performed using both tissue specimens.
Stratum corneum delipidation
Each SC sheet was divided equally. One half was immersed in DIW for 60 min, a treatment that does not deplete lipids, nor irreversibly alter the intercellular lipid structure [51] . The other half was immersed in a mixture of chloroform and methanol (2 : 1 by volume, Sigma-Aldrich, St Louis, MO) for 60 min, followed by DIW for 60 min. The solvent treatment partially depletes intercellular ceramides, cholesterol and free fatty acids found in the SC [25] . Based on estimates of human SC ceramide concentrations and composition [26, 52, 53] , treatments using similar solvent extraction protocols on human and porcine SCs [18, 26, 27, 54] appear to reduce ceramides by 17-58%. Individual SC samples were cut from both control and delipidated SC tissue sheets using a 6 mm diameter circular hole punch (Harris Uni-Core, Redding, CA).
Imaging stratum corneum ceramides
Control and delipidated SC samples were stained with BODIPY FL C 12 -Sphingomyelin fluorescent ceramide dye (Thermo Fisher Scientific, Waltham, MA). A 100 ml solution of 0.6 mg ml 21 dye in ethyl alcohol was dissolved in 1 ml of carbonate buffer (pH ¼ 10). SC samples were then immersed in the solution for 60 s, then rinsed with citric buffer (pH ¼ 5.5). After staining, samples were laminated to a glass coverslip and allowed to dry for 24 h [55] . SC samples were then imaged using an Eclipse Ti-U inverted microscope (Nikon, Melville, NY) with 10Â objective lens (Nikon Plan UW). Each sample was excited using a SOLA 6-LCR-SB (Lummencor, Beaverton, OR) and FITC filter (503-550 nm band-pass) with an exposure time of 8 ms. Fluorescent and transmitted light images were recorded using a digital CCD camera (Andor Clara, Belfast, Northern Ireland) at a resolution of 1392 Â 1040 pixels. The spatial resolution of each image was 0.65 mm pixel
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. Highresolution composite images of each SC sample were obtained by recording and stitching together 120 individual images (12 Â 10 grid) using an automated x-y stage and Nikon Elements software.
Quantifying average normalized ceramide fluorescence
Ceramide fluorescence was characterized by summing the fluorescent intensity within the inner half radius (R/2) of a circular SC sample (R ¼ 3 mm, figure 1a) , subtracting the average background fluorescent intensity outside of the sample perimeter, and normalizing this value by the sum of the saturated pixel intensity (maximum 16 384 for a 12 bit image) of the same area. For each lipid condition, the average NFI, I, was established from n ¼ 3 individual SC samples.
Substrate preparation
A silicone elastomer was prepared by mixing a base (Sylgard 184, Dow Corning, Midland, MI) with the curing agent in a weight ratio of 5 : 1. After mixing and degassing, the mixture was spin coated (WS-400B-6NNP/LITE, Laurell Technologies Corporation, North Wales, PA) onto a glass coverslip at 3500 r.p.m. for 3 min. The elastomer was then cured in an oven at 608C for 12 h. This produced a silicone elastomer film with a thickness of approximately 40 mm. Fluorescent microspheres (200 nm, 625/645 nm, ThermoFisher Scientific, Waltham, MA) were chemically deposited onto the elastomer substrate through well-established chemical bonding techniques [56, 57] . A second elastomer layer was then spin coated on top of the substrate using an identical protocol. Prior to curing, control and lipid-depleted SC samples were alternately embedded in the uncured elastomer along the centreline of the coverslip, rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170848 leaving only their outermost face exposed. The elastomer was then cured at 238C and 40% R.H. for 24 h. This embedding process occludes the sides and underside of the SC sample, preventing bacterial growth in these regions. For each substrate tested, the order of the conditioned SC samples deposited was randomized.
Bacterial strains
All bacterial studies used S. aureus ALC2085 (strain RN6390 containing pALC2084), constitutively expressing GFP [45] . Overnight cultures were grown in BHI media (Becton, Dickinson, Sparks, MD) supplemented with 10 mg l 21 chloramphenicol (Mediatech, Corning Life Sciences, Corning, NY) for plasmid maintenance, and 250 ng ml 21 tetracycline (Amresco, Solon, OH) for induction of green fluorescence protein (GFP), in Erlenmeyer flasks at 378C with agitation (220 r.p.m.).
Biofilm cultures
Embedded SC samples were sterilized under ultraviolet light for 15 min, then mounted in an anodized aluminium flow cell reactor (FC81, BioSurface Technologies Corp., Bozeman, MN). The flow cell was inverted to prevent gravitational sedimentation of bacteria onto the SC samples, connected to an inlet carboy containing 5% BHI medium (Franklin Lakes, NJ) and an outlet carboy via silicone tubing. The medium was supplemented with 250 ng ml 21 tetracycline hydrochloride (Amresco) for induction of GFP. The closed system was maintained in equilibrium with atmospheric pressure using a gas permeable filter (200 nm pore size) fitted to each vessel. The flow cell reactor was then perfused with the media at 8 ml h
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, and subsequently inoculated with 5 ml of a stationary phase culture of S. aureus (10 8 CFU ml
), grown in tetracycline (250 mg l
) and chloramphenicol (10 mg l 21 ) supplemented BHI. S. aureus was allowed to attach to the substrate for 2 h under static conditions before laminar flow was reinstated [43, 58] .
Microscopic imaging of bacterial colonization of stratum corneum
Staphylococcus aureus biofilm development was monitored using fluorescence microscopy for a period of up to 7 days. Epifluorescence microscopy: images were acquired using an inverted microscope with 10Â objective lens. Fluorescent beads were excited using a SOLA lamp with TRITC filter (590-650 nm bandpass) and imaged using an exposure time of 1.5 s. Staphylococcus aureus bacteria were excited using the same lamp with FITC filter, and imaged with an exposure time of 1.5 s. An automated x-y stage was employed to record multiple regions. Confocal microscopy: images were acquired using a confocal microscope (Leica SP5, Wetzlar, Germany) with 10, 20 and 40Â objective lens; respectively, with spatial resolutions of 1.51, 0.76 and 0.38 mm px
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, and numerical apertures of 0.4, 0.7 and 1.25. SC samples were illuminated sequentially with transmitted light, 455 and 633 nm wavelength lasers. Transmitted light images were used to distinguish topographical regions of the SC. The 455 nm illumination was used to excite GFP-tagged S. aureus. The 633 nm illumination was used to excite the fluorescent particles embedded in the elastomer substrate. At each recorded time point, z-stack images were recorded across the full depth of the SC sample and substrate at height increments of 1.33 mm. Images of the same region of each SC sample were recorded every 24 h for 7 days. This was achieved by matching the distribution of fluorescent particles during imaging with those of the previous day.
Quantifying bacterial coverage
Fluorescent images of the same regions of a SC sample were captured every 24 h using the Nikon Ti-U microscope with 10Â objective lens (n ¼ 8 regions per SC samples, n ¼ 2 individual SC samples per lipid condition). Bacterial coverage of each sample was quantified through binary classification. Pixels exceeding 25% of the maximum bit intensity (an intensity of 4096 or greater) are counted. Fractional coverage for each region was then quantified by scaling the total number of counted pixels by the total number of pixels within each image (1392 Â 1040 pixels). For each lipid condition, the eight individual fractional coverage values recorded for each day were then used to establish the mean daily fractional coverage and standard deviation.
Characterizing spatially resolved ceramide and
Staphylococcus aureus fluorescence
The microchannel network was used to divide the SC surface into two regions: canyon regions located in proximity to the microchannels, and more planar regions that the microchannels surround, which we denote cluster regions. Figure 3 shows an example of this division. The region surrounded by the dotted line corresponds to the inner cluster area, A CL , whereas the outer dashed line and inner dotted line demark the surrounding canyon area, A CA . An algorithm was used to area-match these two regions to minimize sampling bias. This was achieved by manually selecting the three vertices of the triangular feature, then incrementally expanding or eroding the inner dotted boundary and outer dashed boundary by 1 px until the areas agreed to within 5%.
Quantifying minimum inhibitory and bactericidal concentrations of D-sphingosine
The minimum inhibitory concentration of D-sphingosine on S. aureus, established using BHI medium and a standard methodology [59, 60] , was greater than or equal to 100 mg l 21 . The minimum bactericidal concentration was also established to be equal or greater than 500 mg l 21 .
Quantifying time -kill curves
The effect of synthetic D-sphingosine on mid-exponential phase cultures of S. aureus was established using time-kill curve assays. D-sphingosine dissolved in DMSO was used to supplement mid-stationary phase cultures of S. aureus, grown in BHI. The final concentrations of D-sphingosine were 45, 80 and 500 mg l 
Fabrication of analogue skin canyon model
A glass coverslip was placed into a custom made aluminium tray with inner dimensions 50 Â 13 mm and a lip height of 2.35 mm. The coverslip formed the chamber floor. A silicone elastomer was then prepared by mixing Sylgard 184 base with its curing agent in a weight ratio of 5 : 1. After mixing and degassing, 0.5 ml was added to the chamber base and allowed to settle for 30 min. The chamber edges were coated with 40 ml of glycerol (Alfa Aesar, Haverhill, MA) prior to adding the mixture to prevent the elastomer adhering to the metal. The chamber was then placed into an oven at 608C for 10 min. A rectangular metal rod (cross-section 0.30 Â 0.50 mm) dipped in glycerol was then deposited on the semi-cured elastomer substrate with the rod aligned perpendicular to the substrate long axis. After curing in the oven for a further 4 h, the rod was removed, leaving a permanent 820 + 29 mm wide, 424 + 24 mm tall indentation in the elastomer film. Once rinsed in DIW and dried, 30 ml of either DMSO (Amresco) or synthetic D-sphingosine (Sigma-Aldrich) dissolved in DMSO (500 mg l 21 ) was then pipetted into the topographical canyon. The substrates were then desiccated under vacuum for 18 h.
Calculating roughness of coatings
A glass coverslip was spin coated with a thin flat layer of PDMS at a 5 : 1 ratio and allowed to cure at 608C for 4 h. Thirty microlitres of DMSO or D-Sphingosine dissolved in DMSO (500 mg l
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) was pipetted onto separate sections of the substrate and desiccated under vacuum for 18 h. After desiccation, profilometry was performed using a Veeco Wyko NT1100 optical profiler with 5Â objective lens. The device has a vertical resolution of less than 1 nm and lateral resolution of 0.08 mm. Coatings for n ¼ 2 substrates of DMSO or D-sphingosine dissolved in DMSO were measured to obtain the average roughness (Ra) and root mean square roughness (Rq) for a 1.2 Â 0.94 mm region.
Imaging bacterial growth on analogue skin canyon model
Topographical substrates were placed into a flow cell reactor and inoculated with GFP-tagged S. aureus (10 8 CFU ml
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). Fluorescent confocal z-stack images of canyons (2 mm interval; 500 mm total z-depth) were recorded using a 10Â objective lens after a 2 h inoculation period in static conditions, then at 12 h, 24 h and increments of 24 h thereafter until 194 h.
Quantifying fluorescent surface density of bacterial growth in analogue skin canyons
For each canyon and time point, z-stacks were re-sliced using IMAGEJ into individual canyon cross-section profiles; each profile perpendicular to the long axis of the canyon. Representative cross sections for each canyon coating and time point are provided in figure 9 . Here, the same cross-sectional profiles are shown over time for each canyon coating. In order to quantify fluorescent surface densities of GFP-labelled S. aureus, image intensities are first summed over the z-height 9 + 6 mm below the base of the canyon to 6 + 3 mm above the surface of the substrate within a volume defined by the canyon width and a fixed 1550 mm length along each canyon. This collective intensity is then scaled by the canyon length and width. The canyon width for each profile is measured as the lateral distance between the two canyon sides. The side of a canyon is defined as where the canyon profile deviates from horizontal. This process is repeated for all time points.
Statistical analysis
Welch's T-test was used to test for statistical significance in figures 2c, 4c, 5a and 6c. A one-way ANOVA was used to test for statistical significance in figure 8 . Statistical analyses were all performed using GraphPad Prism V 6.0a. In the figures, *p 0.05, **p 0.01, *** p 0.001 and ****p 0.0001.
Data accessibility. The experimental datasets supporting this article are included in the main paper. Additional data related to this paper may be requested from the authors.
